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WINTER CONDITIONS IN THE BERING SEA

BY

Robert H. Bourke and Robert G. Paquette

1.INTRODUCTION

This report presents the results of an oceanographic cruise of the USCGC

POLAR STAR to the ice-covered areas of the Bering Sea in February-April, 1980

as part of the MIZPAC Project. This is a more detailed report than that of

Newton and Anderson (1980) which also describes the results of this cruise.

The ship left Sitka, Alaska on 25 February 1980 and took two stations in

deep water northwest of Unimak Pass on 29 February. It then proceeded

generally northward, taking stations across the shelf break and on into the

ice at 570 N. The ship reached Nome on 13 March, then proceeded to circum-

navigate St. Lawrence 1. and exited through the ice margin on 2 April about

600 km northwest of the point of entry. Essentially all of the under-ice

area was on the shallow shelf of the Bering Sea. Table 1 is a surmmary of

significant information pertaining to the cruise. The cruise track and

station distribution are shown in Fig. 1.

The scientific party concerned with oceanography consisted of four per-

sons, see Table 1, amply assisted by the marine science technicians aboard.

Three additional scientists came aboard at Nome to carry out an acoustic

experiment south of St. Lawrence I. None of their work is reported herein,

but the oceanographic observations supporting the acoustic experiment are

reported.

The data obtained are the most extensive set of under-ice observations

in the area using modern, high-precision conductivity-temperature-depth

recordings. This was an unusual opportunity to observe mid-winter, under-ice
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Table 1

MIZPAC 80 CRUISE SUMMARY

EMBARKATION: 24 February 1980 at Sitka, Alaska

DISEMBARKATION: 4 April 1981 at Adak, Alaska

SHIP: USCGC POLAR STAR

INSTRUMENTS: Neil Brown Instrument Systems Mark III CTD,

Applied Physics Laboratory--Univ. of Washington

light-weight CTD,

Hewlett-Packard 9835 calculator and 9872A plotter

NAVIGATION SYSTEMS: SAT NAV, LORAN, OMEGA, RADAR, VISUAL

STATIONS OCCUPIED: By ship 67

By helicopter 16

Total 83

NANSEN CASTS: 21

SCIENTIFIC PARTY: Dr. M. Allan Beal, Arctic Submarine Laboratory,
Chief Scientist

Dr. Robert G. Paquette, Naval Postgraduate School

Dr. Robert H. Bourke, Naval Postgraduate School

Dr. John L. Newton, Science Applications, Inc.

Mr. Birger G. Anderson, Science Applications, Inc.

Mr. Kim 0. McCoy, Naval Postgraduate School
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oceanographic conditions and processes in this dynamically active basin.

Additionally it provided an opportunity to examine the marginal sea-ice

zone of the winter Bering Sea. The scientific objectives of the cruise are

described below.

Objectivyes

The cruise had the following objectives.

1. To describe the general oceanographic conditions near and under the ice.

2. To find any oceanographic phenomena near the ice edge which might be

due to the presence of ice.

3. To characterize the brine convection process with respect to:

a. Effect of latitude. Salinity ought to increase with latitude due

to greater freezing rates towards the north.

b. Effect of divergence of the ice in locations like Norton Sound and

the south side of St. Lawrence I. High salinities might be expected

in places where the heat-insulating ice cover- diverges.

c. Effect of fresh water inflow. Are the Yukon and Kuskokwim River

influences notable? Do they cause stratification with the conse-

quent effects on the depth of brine convection?

d. Possible formation of high-salinity water in the shallows. In theory,

this should occur. One wonders if the production of such water is

rapid enough to cause a saline lower layer to flow into adjacent

water columns.

e. Layering of water of different salinities. This has reference to

both b and d above. If high salinities are produced locally in the

shallows or in areas of divergence, do these heavier waters run

under adjacent water columns to cause layering?

4



4. Discover the direction of flow of low-salinity water resulting from

the Yukon and Kuskokwim River discharges.

5. Discover the direction of outflow of cold, saline water from the Gulf

of Anadyr, if such exists. Objectives 4 and 5 together, if achieved, might

shed some light on the general winter flow through Bering Strait. Note

that the Yukon definitely flows northward in summer. So does a water called

"Anadyr Water" by Coachman, Aagaard and Tripp (hereinafter termed CAT, 1975,

p. 27). Evidence for the northward flow of Anadyr Water in winter is

weaker, if the two waters can be compared summer and winter (pp. 70-73).

6. Examine a theory by Pease (1980) that the ice edge in the Bering Sea is

positioned by the balance between the flow of ice southward and melting by

warm southern water. In essence, this implies that the ice margin is fart .r

south than it would be if only atmospheric and radiational heat exchanges

were doing the cooling. One should expect to find a low-salinity band near

the ice edge.

Prior to a discussion of the cruise findings we first present the his-

torical picture of what is known concerning the winter oceanography of the

shallow Bering Sea. This is followed by a section on water circulation and

one outlining sea-ice formation and brine-convected circulation for readers

unfamiliar with these processes. A summnary of sea-ice and meteorological

conditions encountered during the cruise is presented next. The analysis of

the cruise results has been divided into four sections which are both process

oriented and geographically coherent: (1) crossings of the ice margin,

(2) influence of the Yukon and Kuskokwim Rivers, (3) processes occurring around

St. Lawrence Island, and (4) conditions near the freezing point. Appendix

A contains a detailed report on instrument behavior and calibration and data

editing procedures. Appendix B lists station position and climatological
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information. Vertical profiles of temperature, salinity, sound speed,

and density (sigma-t) for each station are shown in Appendix C.

2. PRIOR MEASUREMENTS AND ANALYSIS

This section catalogs the prior winter oceanographic measurements and

lists the sources of the few recent partial discussions of general oceano-

graphic conditions in winter. The winter circulation pattern over the Bering

Sea shelf is discussed in the next section.

Measurements of salinity and temperature under ice in the Bering Sea

have been nearly all made by Nansen bottles. Table 2 shows the statistics

for the portions of those cruises which are in or near ice. The entire

cruises may well have comprised more stations than are noted. Most of these

were gleaned from National Oceanographic Data Center archives for the Bering

Sea, using the initial test that the surface temperature be less than -1* C

and the latitude less than 660. Where these temperatures are mostly warner

than -1.60 C, it is concluded that the ship scarcely penetrated the ice margin

and this condition is noted in the table.

The cruise tracks of these cruises are plotted by Lohrmann (1979). He

presents a selected group of property cross-sections in the course of looking

for frontal zones near and under the ice in winter and spring. However, his

analysis is not extensive enough for the present purpose.

Coachman, Aagard and Tripp (1975) discuss the approach of water tempera-

ture to the freezing point, using STATEN ISLAND 1969 data (p. 46) and they

discuss winter Anadyr Water and its alternating but presumed net northward

flow through Anadyr Strait using the results of STATEN ISLAND 1969 and

NORTHWIND 1968. In their discussion of freezing points they use Thompson's

equation (Sverdrup, Johnson and Fleming, 1942) which gives freezing temperatures

6
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about 0.010 C higher than that of Doherty and Kester (1974) which is used

in this report. Thus, they show more evidence of apparent supercooling than

do the present data.

3. WATER CIRCULATION

Winter circulation in the Bering Sea is discussed by Hughes, Coachmian

and Aagaard (1974), although incompletely. They conclude that the Kamchatka

Current intensifies during winter and, presumably, the northwesterly flow

along the continental slope in the central Bering Sea either intensifies or

at least is not decreased. There is an unsupported statement that ". . .the

cyclonic gyre which dominates the deep basin in summer must encompass nearly

the entire sea in winter" (p. 93). The winter circulation chart they suggest

4s confined to the deep-water areas outside the ice. Coachman, Aagaard and

Tripp (1975) show evidence of Bering Sea Water entering the southeastern Gulf

of Anadyr in winter, as in summer, but its rate of flow and course on exit

from the Gulf of Anadyr (now as "Anadyr Water') are not known. Counter to the

evidence of directly measured southerly flow by NORTHWIND 1968 (p. 71), they

conclude that flow through Anadyr Strait is generally northerly. They base

this conclusion on the need for a mechanism to supply high-salinity water

to the region north of Anadyr Strait (p. 70). There is no need for advection

of water from the south to account for the few moderately high salinities

which have been observed. These salinities are likely generated in situ by

brine rejection, as will be evident elsewhere in this report.

Some evidence for winter water flow can be deduced from the movement of

ice. Muench and Ahlnas (1976) tracked ice flows by means of satellite photo-

graphs in the months of March, April and May of 1974. Nearly all of their

drift vectors are southwesterly, particularly from the latitude of St. Lawrence

Island and southward. North of the island, the velocities were weaker and,
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in a few cases, had northerly components. McNutt (1981) also shows ice drifts

for parts of the months of February and March 1976 and March and April 1977. In

March, nearly all the observed drifts were southerly. In February 1976, east of

St. Lawrence I., the drift Wd5 Mostly southerly during one 6-day period and

mostly northerly in another 5-day period. Pease (1980) proposes that the general

drift of ice is south-southwesterly under the influence of prevailing northeast

winds and the evide' ;e of thc present report will agree with that conclusion.

It has been suggested that southerly drift of the ice does not preclude

northerly flow of the underlying water. To argue the question clearly, it is

necessary first to deal with continuity. If water is carried southward with

the ice across the width of the Bering Sea, both ice and water flow would soon

stop, in the absence of a counterflow, due to the resulting inclination of the

sea surface. Therefore, water must be supplied to the northern Bering Sea.

On the average, this water cannot come from Bering Strait because the flow there

is presumed to be northerly even in winter (CAT, 1975) but probably with many

southerly flow events (Bloom, 1964; CAT, p. 67; Coachman and Aagaard, 1981)

which weakens its average flow in winter. Furthermore, if one postulates ice

drift speeds of 0.25 ms- (Pease, 1980) across the width of the central Bering

Sea, one is dealing with possible transports of water far greater than can

reasonably be expected from Bering Strait.

The probable mechanism for replacement of most of the water is a northward com-

pensating flow along the bottom. Evidence for such a flow will be seen in the

discussion of the western ice-margin crossing where water from the southern

Bering Sea is seen to intrude northward under the ice for over 200 km. Farther

northward, the temperature and salinity signatures of the southern water have

been destroyed by mixing and brine convection and, although northward flow

along the bottom must continue, there is no way to tell whether it goes through

Anadyr Strait or the strait east of St. Lawrence I., or both.

9



4. THEORETICAL CONSIDERATIONS

For readers unfamiliar with the freezing of sea ice and associated

phenomena, the following elementary explanations are given. In freezing,

seawater precipitates crystals of pure water ice which eventually become

closely enough packed to grow into a massive structure. The salts in the

seawater in part remain in the liquid brine, part of which convects downward

and mixes with the upper part of the water column. Brine convection continues

to reach deeper only if the mixture of brine and resident seawater remains

denser than the water beneath. Thus, a sufficiently larg~e density gradient

will put a lower limit on the depth of convection. If the vertical density

gradient is small, convection may continue to the bottom, leaving a well mixed

uniform water column. This is especially notable in shallow seas and shelf

areas.

, art of the brine remains behind, in trapped interstices between the ice

crystals and, if the temperature subsequently becomes low enough, may deposit

solid salts. New ice may have a bulk salinity of the order of 15 0/., but

the brine gradually drains until bulk values of salinity in thick ice near

the end of the f reezi ng season are more i ke 4 0/,.

If the water beneath the ice were not circulating, freezing could be

expected to build up its salinity. Assuming the average ice temperature is

-100 C, its salinity 7 0/0 and its density 0.93, one meter of ice rejects

enough salt to raise the salinity 2.1 0&~ in a 10-nm water column. The

resultant salinity increase is inversely proportional to the length of water

column so that shallow water is potentially capable of generating relatively

high salinities. Other factors being equal, the greater the freezing impulses,

10



the more ice will be frozen and the more brine produced. Therefore, one expects

higher salinities in the north where it is colder.

While one meter of ice is a reasonable thickness to expect under static

conditions in the northern Bering Sea (Potocsky, 1965), the amount of ice

generated and the salinity increase can be much greater if the ice is caused

to diverge by wind action. Ice presents a thermal resistance to the passage

of heat and heat is lost much more rapidly through thin ice or open water than

through thick ice. From the results of Maykut (1976) we have estimated that

the rate of freezing in open water in the northern Bering Sea in mid-winter is

of the order of 30 times greater than under one meter of ice. Since the ice

was diverging from the northern Bering Sea, as will be shown, potential salt

enrichment much greater than 2.1 0/ in 10 m are likely.

The rate of freezing in March is a matter of some doubt. During this month

the ice is at its farthest southward extent and freezing and melting forces must

be close to a balance, particularly south of latitude 600N. North of this

latitude frazil ice could be seen forming in the open leads, and from Maykut's

Table 3 (1976, p. 60) we would conclude that heat was still being lost from

an open sea surface at latitude 62.50N in March. Yet, as will be seen, we

will be forced to the conclusion that the net effect of open water at this

latitude near the mouth of the Yukon was to cause the water to warm a few

hundredths of a degree C. This may have been due to anomalously warm conditions

during one or more previous weeks.

The brine sources may be localized, particularly along the downwind

shore of the mainland or of an island. If a water column of high salinity

is produced, the density forces are such as to exert a lateral pressure out-

ward near bottom and an inward pressure from surrounding water near the surface.

If the bottom slopes offshore, there would be a tendency for the high-salinity

water to flow down along the bottom. Such tendencies to flow would quickly

11



come into balance with the Coriolis force and friction to yield a flow mosti,

normal to the lateral pressure gradient but with some cross-isobar flow. Thus.

a column of high-salinity water over a flat bottom might be expected to be

associated with anticyclonic rotation in its lower part and cyclonic rotatiol

in its upper part. The base of the column should spread, but at an unknown

rate, under adjacent water columns and might render two-layered a water colur.-f

which would otherwise be uniformly stirred top-to-bottom by brine convection.

Flow of high-salinity water down a sloping bottom also would be modified

from a simple downhill flow into one which is mostly parallel to the slope.

Here, however, channelling of the flow downslope may occur if a sufficiently

deep trough leads in that direction because flow parallel to the slope would

be resisted by gravity acting on the dense water piled up against the right

bank of the trough. A linear analog of this circular situation, but without

friction, has been discussed by Stoivel and Veronis (1980).

5. GENERAL CONDITIONS

The ice margin lay generally along the shelf break of the Bering Sea,

except the southeastern end where it crossed into the shelf before reaching

land near 550 N on the Alaska Peninsula. The southeastern margin was diffuse

and consisted of large floes of thickness commonly 30 to 60 cm. In the central,

Bering Sea the margin consisted of bands of thin ice approximately 1 to 1.5 kin

apart. No banding was evident along the southeastern margin.

The ice became thicker toward the north, as much as 1 to 1.5 m thick in

places when not rafted. There was also much thin young ice, new ice and open

water, the latter particularly along the coast north of Nunivak I. and near

the mouth of the Yukon River. In Norton Sound, the ice thicknesses were about

0.3 m, much thinner than the prediction of 1 m which would be derived from

12



the expected mean value of 1945 Celsius frost-degree days for Nome and Zubov's

Equation (see Potocsky, 1965).

North of St. Lawrence I., thick, compact ice with a remarkably high

ridge frequency was found. The average ridge height was probably greater than

2 m and ridges higher than 2 m were of the order of 50 m apart. South of

St. Lawrence I., the ice was thin to moderate in thickness, the thicker,

unrafted fields approximating 60 cm in thickness. The Naval Polar Oceanography

Center ice maps showed young and new ice south of St. Lawrence I. before and

during the cruise. Fig. 2 is an example of one map.

These behaviors point to a southward flow of ice from the northern

Bering Sea under the influence of the prevailing northerly to northeasterly

winds, shown in stick diagram form in Fig. 3. The pile-up of ice against the

northern side of St. Lawrence I. is undoubtedly due to the southward pressure

of ice acting against an obstacle.

During the early part of the cruise air temperatures were unusually

high for this area and time of year, remaining above -30 C, and often slightly

above freezing, until Station 36 was reached. Temperatures thereafter decreased

rapidly with further northward progression finally reaching a low of -250 C

near Station 55, northeast of St. Lawrence I. From Station 56 on, the air

temperatures were generally between -100 and 00 C and they remained below

00 C even to the last station, Station 83.

6. CROSSINGS OF THE ICE MARGIN

Two crossings of the ice margin were made, an easterly one north of

Unimak Pass, and a westerly one while exiting from the ice west of the

canyon near 175 0W in the central Bering Sea (Fig. 1). These crossings were
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about 600 km apart and, even at this distance, some similarities are present.

Likewise, some notable dissimilarities are also present.

The Eastern Crossing

The characteristics of the waters on the slope and outer shelf in the

eastern crossing are shown in Fig. 4, a temperature and salinity cross-

section from Stations 3 through 17. Ice was first encountered at Station

9; 30 km northward, at Station 10, the ice concentration had increased to

10/10. The station spacing was approximately 25 km outside the ice, but

increased to about 50 km within the ice pack.

Fig. 4 also shows that stratification of the water column is observed

from Stations 3 to 10 whereafter the water column abruptly becomes almost

perfectly vertically homogeneous. A cold, dilute upper layer extends some

140 km south of the ice. This upper layer is cold and relatively dilute

because of a combination of three processes: 1) the melting of ice to the

north and mixing of the melt water southward, aided by the prevailing northerly

winds; 2) contributions of fresh water from the Kuskokwim and possibly the

Yukon Rivers and 3) a certain amount of atmospheric cooling, possibly a

weak effect because the air temperatures when the ship passed were somewhat

above freezing (see Appendix B). However, the historical average temperature

for February and March (Potocsky, 1975) is about -50 C and this may be a more

realistic average during the preceding period when the water properties were

generated. The cold, dilute layer overlies the warmer, saltier, more

southerly Bering Sea water which has advected onto the shelf.

In Fig. 5, temperature-salinity correlations have been plotted separately

for the surface and the bottom waters of the eastern and western crossings,

the latter to be described later. Consecutive stations are connected by

lines. The plot for the eastern crossing illustrates the bottom warmer and

16



0

~- o 0

(0 0

0 C

040'

o (1 - C

)o 3aJ0

~4-
4-)-- C

z d) to0 = I-'
S.- 4-' a)

Q) 4- 4-')
C r S-. .

r() 4-) .10

0 M toE LO

CoC) l 0
00-C Ln -

N~ WL .,-4-= Ml

- 0) S.-

C~~~j 0 f0s
o T) a) s

4..o ) S-4- d

r- V w Cr-)4'

- :3 S.- 0 U-

0 0 o'0 u '

0 -4-3 S..

- S.- - '04.

00

NN

0~~0 (0-- 04-)0it

LO 0 N4-)

% ~ l a)d

K) 0 0) ECU 17



cD, CL

4- 4 W-r- C

C)6 IA L U
a) 0

(~CE
A0

0 ,-6 - 0

4-)i -0,0

~0*
0 >~ eu )

(0 WJ W 0-

~4- -C .-- 0 I

04-)

A-. 4- ) S -4-

o u Q) E

10 
-CN

A

0 a)

18 CQ 4



more sal,..e than the surface at all stations prior to Station 11 except Sta-

tions 5 and 6. In tnese two, the bottom is colder than the surface. At

S tation 11 the top and bottom become essentially identical and remain so,

although varying fairly widely in salinity, to Station 17. By most standards,

the region between Stations 3 and 11 would be considered a frontal zone with

maximum temperature change occurring just outside the ice between Stations

6-8.

The general cooling and dilution of both layers in the direction of the

ice is indicative of the effect of melting ice. However, the observed dilution-

to-cooling ratio is only half or less of that to be expected from the melting

of ice (ca. 3/8 0/, - 0cl ), which indicates either that atmospheric cooling

has played an important part or vertical mixing with the bottom layer is pro-

viding salt. That this latter process occurs is suggested by the general

parallelism of the curves for surface and bottom layers. The substantial con-

tribution of melt water to the surface layer continues as the ice edge is

approached until, at Station 9, the abrupt change in slope indicates the

preponderant effect of mixing with the water type of Station 11 behind the

ice margin. Beyond Station 11 both surface and bottom salinities fluctuate,

perhaps reflecting non-uniform brine generation or varying admixtures of

river water.

The maximum effect of ice melt may be seen at Station 9. Farther north,

vertical mixing due to thermal and brine convection, aided perhaps by other

mixing processes I-uch as tidal stirring, has finally overcome the stratifi-

cation. The fact that the temperature at Station 11 and beyond is nearly at

freezing argues for brine convection, not necessarily in situ, as the princi-

pal generating process. Slight warming above the freezing temperature in

19



the northern part of this section is part of a general slight, fluctuating

elevation of the temperature above freezing which will be discussed later.

* Stratification of the water column nearly completely disappears at Station

11. From here northward 100 km to Station 13 the temperature-salinity

properties are quite similar. Temperatures at Stations 11 and 13 are within

0.020 C of the freezing point but those at Station 12 are somewhat elevated,

to 0.060 C above freezing. Because of the relatively warm air temperatures

present at this time (warmer than -30 C), and the decrease in salinity, this

area can not be considered an active freezing zone.

Stations 14 and 15, and to some extent Stations 16 and 17, southwest of

Nunivak 1. are notably more dilute than those to the north or south. The water

columns are well mixed and within 0.020 C of freezing, but have salinities of

31.76 0/ (Fig. 5). This dilution may reflect the admixture of Kuskokwim

River effluent. It is also possible that this localized dilution was caused

by ice melt; these stations were taken in largely open-water areas (< 3/10 ice

coverage) due to ice divergence in the lee of Nunivak I. at a time of relatively

warm air temperatures, at or near freezing. It will be seen that there is a

similar low-salinity area in the western crossing, which suggests some wide-

spread phenomenon rather than the localiz'ed effect of river water as the cako-.'

Northward from Nunivak I. to the center of the strait east of St. Lawrence

I. (Stations 17-35) the waters were uniformly cold and well mixed. Salinity

slowly increased by 1 0/,. over this 320 km reach (Fig. 6) as the ice thickness

gradually increased with its consequent increase in brine production. As will

be seen in the following section, this transect lies seaward of the diluting/

effects of the Yukon River.

At this point the northward course of the description is interrupted to

examine the western crossing in comparison with the eastern crossing.
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The Western Crossinq

Winter oceanographic condition, within the central Bering Sea were ob-

served on the outbound crossinri of e ice marnin beginning with Station 66

and ending at Station 83, a travers :)f 480 km. The geography may be seen

in Fig. 1, the temperature and salinity cross-section in Fig. 7 and the T-S

diagram again in Fig. 5. The ice edge was encountered at Station 79 near the

edge of the shelf in 150 m of water. Unlike the eastern crossing where high

ice concentrations were noted within 20 km of the ice edge, the western ice

margin was comprised of a series of bands of relatively thin (< 0.3 m) ice.

This condition extended some 100 km behind the ice edge to about Station 72.

The most notable difference between the two crossings is the extent to

which warm, salty Bering Sea water underran the ice, some 200 km to beyond

Station 70. Conversely, the pool of cool, dilute melt water (ca. -1.65 ° C

and 32.1 0/,) occupying the upper half of the water column for some 240 km

behind the ice edge is also notable. Rather than the abrupt transition be-

tween warm Bering Sea water and under-ice water observed in the easterly

crossing, here one sees these waters separated by a sharp halocline/thermo-

cline which shows a marked undulation of approximately 200 km wave length.

The salinities of both layers of this crossing are 0.3 to 0.7 0/, higher

than in the eastern crossing.

Temperature finestructure is observed in the thermocline and upper

portion of the lower layer beginning at Station 74, 50 km behind the ice edge

and continuing southward beyond Station 83. This is in contrast to the eastern

crossing wherein finestructure is only weakly observed at Stations 5 and 6.

Mixing across the thermocline, aided by the strong northward advection of the

lower-layer waters of the central Bering Sea, is more conducive to interleaving

and finestructure formation here than to the southeast.
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Fig. 7 indicates that near the shelf break a deeper, warmer Bering

Sea water is present from Station 77, 20 km inside the ice, to beyond Station

83. The water of this layer is uniformly warmn and salty (-. 30 C, -34.4 0/)

and confined to depths generally greater than 140 m. No distinct bottom layer

was observed at Station 81. This water was omitted when plotting the tempera-

ture-salinity correlations of Fig. 5 as it is too deep to affect the waters

above it or farther back on the shelf.

The temperature-salinity diagram is particularly interesting in comparison

to the eastern crossing. N~ow, the slope of the curve for the surface layer

between Stations 83 and 78 is almost exactly that which would be caused

entirely by melting ice. This was generally a region of scattered ice floes,

with the ice becoming reasonably compact north of Station 79. Adherence to

the melting-diluting slope is indicative of a strong interaction of ice and

warmer water caused either by a pronounced southward flow of ice or strong

lateral mixing.

The salinity and temperature differences between the surface and bottom

layers are much more marked than in the east. The bottom layer comes close

to freezing at Station 69, 250 km from the ice edge; the surface remains more

dilute until Station 66 is reached, 430 km from the ice edge. These phenomena

are probably caused by a strong northerly component of the flow in the bottom

layer. The fact that the salinity and temperature of the bottom layer con-

tinually approach those of the upper layer indicates that vertical mixing

is going on enroute. Melting has nearly ceased in the upper layer north of

Station 78. Signs of active brine generation, indicated by sharp upswings

in salinity at the surface, are sporadic from Station 75 northward. Brine
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convection does not penetrate to bottom until Station 66 is reached. Thus

we see much of this 430 km wide underice section of shelf subject to freezing

influences at the surface which are overcome by heat mixing upward from below.

As in tie eastern crossing, an anomalous low-salinity band is observed

in the central shelf region centered on Stations 67 and 66 (Fig. 5). Iso-

haline waters approximately 0.4 0/. less than those to the north or south are

present. The phenomenon does not appear to be caused by local melting. The

waters here and on both sides have no surplus heat to cause melting. The

phenomenon was found in BURTON ISLAND 1972 in March near Station 12 at 610-21'N,

1750-03'W, about 100 km north of our Station 71 and again at Station 40 at

610-26'N, 174 0-24'W, 78 km north of our Station 70. In 1972 the central

salinity was below 32 0/o. The origin of this low salinity water is not

readily apparent but it most likely presents a patch of dilute water formed

elsewhere at an earlier time and advected into this region.

7. INFLUENCE OF THE RIVERS

Two rivers can influence the oceanography of the area studied, the

Yukon and the Kuskokwim. It will be shown that the Yukon has significant

effects even though its flow rate in winter approximates 3 to 41: of its peak

flow in June (CAT, p. 39; USGS, 1980). In summer, the Kuskokwim flows at 20

to 25% of the rate of the Yukon (CAT, p. 39). Its relative flow in winter

is likely to be no larger, and probably smaller because of the increase of H

the ratio of cooling surface to volume as size decreases. We did not approach

the Kukokwim closely enough to demonstrate its effects unequivocally and so

will devote most of our attention to the Yukon.

The influence of Yukon River discharge on the water mass structure of

Bering Sea water in summer is a well-documented feature of the summertime
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circulation in the northern Bering Sea and Bering Strait regions (see, for

instance, CAT, p. 37). However, the winter situation is relatively unknown.

Figs. 8 and 9, which show the horizontal distribution of salinity near the

surface and sea floor, indicate that Yukon River water is readily observed

as a low-salinity contribution in Norton Sound and off the Yukon River delta.

Comparing Fig. 8 with the summer situation and using the 5 m salinities

from the BROWN BEAR 1979 cruise as an easily accessible example (CAT, p. 37),

we find the salinity pattern of the two seasons comparable in the northeast

Bering Sea and outer Norton Sound, except that winter salinities are higher

by roughly 3 0/. in areas a little removed from the river mouth and perhaps

6 0/4, higher near the river mouth. Salinities near bottom are roughly 2 %0

higher in winter. Comparison of the 5 m salinity fails to take into account

the upper several meters of the water column which can have a dramatically

lower salinity in summner, especially in Norton Sound.

Temperature-salinity cross sections, Figs. 10 and 11, indicate that soutl;

of the Yukon delta Yukon water remains near the coast, being well delineated

by the 32.25 0/0 contour. The southern extent of Yukon water is not well-

defined but Figs. 8 and 9 indicate that it does not extend far south of the

delta, i.e., south of 620N unless it is landward of Stations 20 and 21.

Station 30H appears to be in the core of the water issuing from the southern

branch of the delta. Here the surface-layer salinity is 30.85 11" 0.6 0/,

less than the bottom layer (Fig. 11). A transect along the axis of Norton

Sound (Fig. 12) indicates that the waters become increasingly more dilute

and stratified towards the head of the Sound. These low salinities must be

due to Yukon water because the smaller rivers entering Norton Sound must be

thoroughly frozen. Station 47 exhibits notable stratification: the salinity

increases from 31.5 to 32.3 0/, between 5 and 8 m depth.
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The westward bulge of low salinity in Figs. 8 and 9, near Station 47 and

Station 51 just to the north, saggests the possible exit route of low-salinity

water from Norton Sound. The low-salinity signature disappears quickly between

Stations 47 and 53, the site of the strongest salinity front found on the

Bering Sea shelf, 2 0/. over 60 km. It appears possible that the water follows

its summer trajectory northwestward along the Alaskan coast.

The region south of Nome and in Norton Sound is a region of ice divergence.

The ice there is usually thin, in spite of air temperatures in the vicinity of

-200 C. This area would be expected to be an area of rapid brine generation

because of the thin insulating ice cover. It appears as a low-salinity area

here beLause of the effect of Yukon water. However, in comparison to summer,

the surface salinities well into the Sound have risen about 10 0/; farther

to the west, the increase has been 2-3 0/, except in the upper few meters,

as stated above.

8. PROCESSES OCCURRING AROUND ST. LAWRENCE ISLAND

The surface salinity contours (Fig. 8) show that Yukon water is confined

to the eastern margin of Bering Sea. To the west, once salinities have

increased to 32.5 0,salinity stratification ceases (Fig. 12). By Station

53 all appearances of Yukon water have vanished. From there westward to

Station 57 (Fig. 13) high salinity water (33.25-34.28 0/,) is present.

The presence of such high salinities in the coldest part of the Bering

Sea is not necessarily surprising. In principle, this is what is to be ex-

pected, if the ice is continually being swept south and renewed as Pease (1980)

proposes, and brine equivalent to 5 m of ice has been generAted. What appears

inconsistent at first is the fact that this region of high salinities, far

from being an area of thin ice and thus rapid freezing, is the area with the
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thickest ice of the entire cruise. However, this may have been a local condi-

tion; helicopter observations showed thinner ice perhaps 15 km to the north.

Further evidence of thin ice in the area is given by McNutt (1981) from a

study of satellite images. She found frequent occurrences of a large tongue

of thin ice extending in a direction between 1500 T and 1900 T for up to 250

km from the Port Clarence-Cape Prince of Wales area in February and March of

1976, 1977 and 1979 (Fig. 14). Such a tongue could have been a brine-generating,

area. It should be noted that brine accumulation and thin ice need not coin-

cide at all times. The accumulation is likely to be the time integral of

thin-ice effects over a period perhaps as great as several weeks.

Not excluded from consideration is the possibility that the high salini-

ties have flowed southward from the Bering Strait area and possibly even the

Chukchi Sea. The tongue of thin ice is a possible indicator of southwardA

flow. Also, Coachman and Aagaard (1981) give evidence that there are a

substantial number of strong southward-flow events in Bering Strait in the

winter.

Two other facts are of interest in connection with the highest salinity

observed, 34.28 0/ at Station 55. Just to the south-southwest of this

station, salinities above 34 0/, were observed at Station 38H near the eastern

tip of St. Lawrence 1. (Figs. 8 and 11). This raises the possibility that the

high salinities are in the form of a tongue extending more or less southward.

Unfortunately, the salinities at Station 38H are not directly measured but are

computed from the temperatures on the assumption that freezinig equilibrium

obtained. Water froze in the conductivity cell at this station. We believe

the error in salinity due to temperature error is unlikely to exceed ±0.2 0/,'

and the assumption of freezing equilibrium puts a lower limit on the salinity;

it could be higher.
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The other item of interest is the historical occurrences of salinities

above 340/,. There are only two instances, in BURTON ISLAND 1951 in February

near the present Station 55 and in GLACIER 1971 east of St. Lawrence 1. in

March. At no other times were salinities above 33.5 0/, found. Because of

the relative rarity of winter observations in the area of interest, this

suggests only that salinities greater than 34 o/, probably do not form every

year.

Stations 58-61 have salinities between 32.9 and 33.10O/., distinctly

less saline than the waters north or south of St. Lawrence I. This water is

in the salinity range (< 33 0/., 32.75 O/. ) that CAT (p. 72) describe as

Anadyr Water. The extension through Anadyr Strait of water in the Anadyr

Water salinity range suggests a possible northward movement of water through

the strait, in agreement with CAT conclusions. If this movement does occur,

it could only be reconciled with the general southward flow of ice by concluding

that southern water moves northward along the bottom and northern water is

carried southward in an upper layer. The flow might well be sporadic and con-

vection could be expected to mix the water columns top-to-bottom, so there is

no reason to expect the stratification due to the assumed flow to be evident.

In actuality, only Station 60 is appreciably stratified, to the extent of 0.035

0,,beginning at 34 m depth. However, in view of the few stations involved

and the non-conservative nature of salinity under freezing conditions, the

evidence for northward flow is inconclusive.

The waters south of St. Lawrence I. are typified by Stations 62-64 in

Fig. 15. Station 63 is not notably stratified but Station 64 has a salinity

0.9 0& greater at the bottom. We believe the high bottom salinity at this

station was generated in the shallow-water parts of the polynya usually extend-

ing southward from St. Lawrence I. and probably near the southeast point of

the island (Fig. 14). The brine-enriched water would then flow westward and
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downslope along the bottom to the approximate location of Station 64 to produc

the two-layered condition observed.

9. RELATION OF TEMPERATURE TO THE FREEZING POINT

Much of the initial information of this section relating to the observed

temperature-salinity correlation is taken in modified form from the earlier

report of Newton and Anderson (1980). The correlation between temperature

and salinity values for the surface and bottom waters is shown in Figs. 16

and 17. The near-surface temperature-salinity plot includes points from all

stations within the ice (Stations 10-78 inclusive). From this list the bot-

tom layer temperature-salinity plot also excludes stations near the ice edge

obviously warmed by admixture of southern Bering Sea water. These additional

exclusions are Stations 10 and 70-78 which were warmer than -1.50 C. Each

plot includes the freezing point curve from Doherty and Kester (1974).

Near-surface temperatures within the ice ranged from -1.5490 C (Station

26) to a minimum at Station 39H of -1.9050 C. At the majority of the sta-

tions, near-surface temperatures were within 0.020 C of the freezing point

line (Fig. 16). Stations with temperatures in excess of 0.020 C above the

freezing point are identified on Fig. 16 and their geographic distribution

is indicated in Fig. 18. Surface waters with temperatures notably above the

freezing point appear to be concentrated in two areas: along the Alaskan

coast of Norton Sound and near the ice edge.

Six stations along the Alaskan coast south of the Yukon delta had near-

surface temperatures > 0.020 C above freezing. All of these stations were

associated with the low-salinity (< 32.5 0/0 ) water along the coast (Fig. 8).

The near-shore, lowest salinity surface waters tended to be somewhat more

elevated above their respective freezing points than were near-surface water,.
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at adjacent stations located farther from shore with higher salinities. This

can be seen in Fig. 16 by observing the temperature-salinity trends from

Stations 30 to 31, 43 to 44 and 26 to 27 which in each case illustrate

the temperature-salinity changes proceeding outward from the coast.

The second region with near-surface temperatures above the freezing point

was located near the ice edge. For the eastern crossing of the ice edge

(essentially at Station 10) near-surface temperatures were elevated above

freezing for a distance of about 80 km into the ice pack (Stations 11 and 12).

For the western crossing near-surface temperatures were elevated above freez-

ing for nearly 200 km into the ice pack (Stations 70 through 78). The trend

in temperature-salinity characteristics proceeding from the ice edge (Stations

10 and 78) into the pack ice (toward Stations 12 and 70) was one of decreasing

temperature (although not always monotonic) with perhaps a slight increase

in salinity.

Because of the warm, high salinity water which extended under the ice

pack during the western crossing, near-bottom temperatures covered a signifi-

cantly greater range than did the near-surface waters, -1.9050 C to >3.00 C.

Stations with near-bottom temperatures > 0.020 C above the freezing point have

been identified on Fig. 17 and their geographic distribution is indicated in

Fig. 19. Near the ice edge the spatial extent of bottom waters with tempera-

tures above freezing is similar to that of the surface waters although the

magnitude of departure is greater in the lower layers because of the warm

water extending under the ice to the 100 m contour. The region near the Yukon

delta with above freezing near-bottom temperatures is extended to the north

and covers those stations in Norton Sound. Here bottom temperatures were

approximately 0.020 C warmer than surface values but 0.1 to 0.3 0/, more

saline. As was the case for the surface waters, there appears to be a general
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tendency for the greatest temperature departures from freezing to b,:

with the lower salinities.

The correlation of temperatures above freezing with the presence of aud.

Yukon water is surprising because Yukon water, having flowed for tLuLdidz ,i

miles in intimate contact with ice could be expected to be exceedingly clc&

to 00 C or perhaps slightly colder, if it contained appreciable salts. The

non-constancy of specific heat with salinity and temperature and the slight

linearity of the Doherty and Kester (1974) equation are not great enough to

cause apparent warming of more than about 0.0020 C when mixing freezing fres,

and saline waters. This result assumes the accuracy of the Cox and Smith (I-

specific heats and extrapolates them below 00 C. There appear to be no measu,

ments of specific heat below 35 0o in the minus temperature range. ThEre is

no alternative to the conclusion that the warmth must be due to the frequent

baring of the water surface near the mouth of the river, a condition which a!.

was observed during this cruise. There is then a large decrease in the albed':

for incoming diffuse light as compared to ice-covered water, particularly it

the ice has some snow cover. There is an opposite change in the back-radiatt

energy due to the relative warmth of a bare water surface, but the result is

very sensitive to ice temperature. Without precise temperatures and a good

estimate of incoming and net longwave radiation it is impossible to compute

the energy exchange with sufficient precision. However, it would not be su-

prising to find warming preponderating over cooling in March when the ice-foy

processes are nearly at a balance with melting.

Newton and Anderson's (1980) analysis shows surface temperatures averl- ,
1

0.0100 C above the Doherty and Kester (1974) prediction at low salinities

(< 32 0/,) and 0.0080 C above at higher salinities. Bottom temperatures

average, respectively, 0.0020 and 0.0010 C warmer than the above. To explore
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this trend further, temperature-salinity pairs from the portion of the cruise

most isolated from either southern Bering Sea or Yukon River influence were

plotted in Fig. 20. These also average above 0.010 C higher than the Doherty

and Kester prediction. The logical conclusion from these results is that

the CTD calibration is about 0.010 C too high, in opposition to the reversing

thermometer comparisons which showed the CTD 0.0090 C too low.

If the temperatures in all the data, Figs. 16 and 17, are decreased by

0.010 C, 24 points fall below the freezing-point line in the surface data

and 17 fall below the line in the bottom data. There are no indications of

supercooling greater than 0.020 C. In view of the unlikelihood of super-

cooling, as expressed by Lewis and Lake (1971), we prefer not to suggest that

supercooling was even as great as 0.010 C until we know a great deal more about

the stability and accuracy of the NBIS CTD.
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APPENDIX A

!NSTRUMENTATION AND METHODS

Two CTD's were used during the cruise. Generally used from shipboard was

a Neil Brown Instrument Systems (NBIS) Mark III CTD with a Beckman oxygen cell.

The conductivity cell was the standard 3 cm in legnth, the system was pro-

vided with a rapid-response thermometer stabilized by a platinum resistance

thermometer and the pressure sensor had a range of 320 dbar. The aigital data

stream was read into a Hewlett-Packard 9835-B computer, which is fast enough

to store about 15 complete binary data records (C,T,D, and 02) per second and

has enough memory to hold about 3500 such records. The rate of data accep-

tance was slowed to about 12 per second which was amply fast for the present

purpose, although it was only about 40% as fast as the NBIS system produces

data. To conserve cassette storage space the computer was programmed also

to operate with 1750 or 875 memory records in shallow water. Typically, 875

records sufficed to reach bottom at depths of about 60 m, deeper than most

of the shelf, and 3500 records sufficed to reach 300 m. Usually, the upward

traverse of the instrument was recorded as well as the downward traverse, a

practice which is highly useful in revealing instrument artifacts.

The system was programmed to plot the data on a 28 x 38 cm digital flat-

bed plotter, Hewlett-Packard Model 9872A. Plot scaling could easily be

changed to accommodate different depths and to expand scales when desired.

The data were stored in their original binary form on the cassette, which

is part of the computer. They were eventually transferred to 9-track tape,

corrected, edited and replotted by techniques already developed during previ-

ous work (see, for example, Paquette and Bourke, 1979).
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The CTD was standardized by means of a Nansen bottle and reversing

thermometers on the wire 6 m above the sensors. Twenty-one comparisons were

made leading to an average temperature error of -0.0036 C with standard

deviation 0.0140 and an averadge salinity error of 0.0029 0/" with standard

deviation 0.013 0/,. Since the staindard deviations were greater than the

errors, no corrections were applied.

Operating a CTD in ice under freezing conditions presents several prob-

lems. The first is to find or make a hole in the ice. Sometimes leads could

be used. More commnonly, the ship would swing in an arc and then back or drift

away from the ice ahead into the widened channel made by the swinging ship.

This method was successful where the ice was thin and not under pressure,

which was about two-thirds of the time. In heavier ice, the ship might have

to maneuver considerably to widen the channel. Then, the floating ice was

thick enough to present considerable hazard to the CT0. In thick, close-packed

ice, neither technique worked and it was necessary to wait for a lead to appear

along the route or stop and drop the portable CTD (to be described later) into

the broken channel astern or through a drilled hole.

Backing of the ship undoubtedly increased the likelihood that a somewhat

stirred water column would be encountered in the upper 10 m during the CTD

lowering, particularly since it was seldom possible to wait more than 5 to !0

minutes for the disturbed water to drift away. Little difficulty was evident

because of this problem, possibly because there was little structure under the

ice sheet to be disturbed. More difficulty was caused by heat and effluents

fromi the ship, as will be discussed below.

There was usually slush, brash ice and blocks of various sizes and con-

centrations alongside the ship. Quick action often was required to get the

instrument down and back without excessive hazard. It was fortunate that the
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water was shallow. Deep, time-consuming lowerings would have been impossibli

much of the time without the use of a protective ice shield. The so-called

"Northwind donut" was available but clumsy and time-consuming in applicatioll.

After one initial test of its operation, further usage was abandoned.

The ice was a hazard to the delicate sensors. Also, the electrical

connector at the top of the pressure case was close enough to the shackle to

be broken off by a kink at that point. The connector was also vulnerable

to the ice. The sensor pod was close to the bottom of the instrument and,

since it was desired to lower to bottom, extra length had to be added to the

instrument guard frame. The way in wiich these problems were overcome is

shown in Fig. 21. The guard frame was, covered with stout wire mesh and the

sensor pod was covered additionally with plastic mesh. A clamp-on steel

guard protected the connector. The protective mesh undoubtedly slowed response

a little and must have had some tendency to smooth microstructure. However,

we believe it was essential. In spite of all this protection, the conductivity,

cell was sometimes plugged by fine slush, a condition yielding low or zero

salinity readings in the NBIS instrument.

A problem due to cold air began to develop after the air temperature

dropped below -1.80 C after Station 9. The underwater unit, if left on deck

in the cold, would freeze water in the conductivity cell and in the port

of the pressure transducer when lowered into the water. The seawater, being

at the freezing point, would not melt out the ice thereafter. The remedy

was to bring the instrument back to deck level, warm it with warm salt water

from a hose and immediately lower it again into the water. We soon took to

keeping the instrument in the quartermaster's shelter near the "hydro" plat-

form with a small electric heater and then limiting its time in the cold air

to a minimum. Later in the cruise, near Station 40, the air temperature
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dropped below -1 C and then below -l50 C. Under these conditi ons itI wa s

hard to keep the instrument warm and the heater was moved closer and closer

to the sensors. In the vicinity of Station 66-1 the sensors were being

warmed to 300 C and in this location an anomaly in the salinity was observed,

apparently due to the heating. This anomaly will be described later. Beginning

with Station 67, we were careful to soak the instrument and move it up and

down in the water until any initial temperature anomaly had disappeared.

The CTD supplied by the University of Washington Applied Physics Labora-

tory (APL) (Becker, 1975), being an admirably portable instrument, was used

primarily from helicopters, which took a number of the stations to either

side of the central ship's track. This instrument also had a tendency to

freeze ice in the conductivity cell and the principal remedy was the same as

with the other CTD: keep it warm.

A number of comparisons with the NBIS CTD were made and a deviation of

temperature from the true temperature was found, essentially linear with the

length of cable immersed in the water. The cause was eventually traced to a

poor ground connection. Sufficient calibration data were obtained to correct

the earlier results satisfactorily. Intercomparison with the NBIS CTD was possi-

ble at 8 stations, both near surface and near bottom. The APL CTD was deter-

mined to have a mean temperature difference 0.0050 C less than the NBIS CTD

reading and a mean salinity difference 0.014 0/, greater (Newton and Anderson,

1980).

The APL C-ID also records on a magnetic tape cassette. The data were

plotted aboard and later transferred to nine-track tape by APL. After this,

they were handled by the same library of computer programs as had been used

for earlier data.

Editing of the data from both CTD's was less difficult than usual because

there were few temperature transients capable of generating a salinity spike.
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There were the usual number of noise spikes on the APL CTD and a few on the

NBIS CTh. The latter were formed by more than one data point, were always

in salinity and negative-going, which leads us to believe that they were due

to slush dislodged from the mesh cage, producing a partial temporary blockage

of the conductivity cell. Both systems required the removal of useless

sections of record at the top and bottom of a record where the CTD was

stopped; both required treatment by the RACHET routine to remove inversions

in depth caused by the ship's roll when in open water.

As previously mentioned, the NBIS instrument had an interesting salinity

anomaly of small magnitude, apparently due to stored heat in the instrument.

In extreme cases it caused the apparent salinity to be several hundredths of

a p.p.t. too low, as compared with the up trace, which was more nearly iso-

haline under ice. The temperature, at the same time, would be either slightly

too low or essentially the same as on~ the up trace. Tht- most severe manifesta-

tion of the phenomenon occurred at Station 66-2 where the sensors were warmest,

about 300 C. The salinity and temperature profiles from this station are

shown, highly expanded, in Fig 22. The salinity is evidently 0.07 0/&c too

low at the beginning of the lowering and the anomaly decreases with either

time or distance of travel through the water. In terms of an exponential

decay, the time constant is about 30 sec. The down-cast temperature at the

same time is too high, but by only one-fifth as much as is necessary to cause

the salinity anomaly, if we exclude the uncertain zone shallower than 15 m

which is contaminated by ship's effluent. In other cases the salinity anomalyI

decreases linearly rather than exponentially with depth and the temperature

may have little or no anomaly. We have no good explanation which satisfies

all the symptoms. Where the effect is notable, we have chosen the up trace

rather than the down trace during editing.
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Perturbations will be noted in many of the profiles in the upper 5 to

15.m of the water column. These were due to effluents from the ship. The

perturbations were usually less marked on the up trace, possibly because of

the diminution of turbulence remaining from the motion of the ship and screws

and the tendency of warm effluents to rise in the absence of stirring. In

the majority of cases we elected to use the up trace rather than the down

trace because the former was notably less disturbed.

The NBIS CTD was provided with a Beckman oxygen cell, but it was not

possible to standardize it against Nansen bottle samples. If the conventional

conversion equation and constants are used, the results are unreasonable.

Some progress has been made in the ad hoc adjustment of constants, basically

trying to make the down and up traces match and yield a maximum of 100%

saturation at the surface. We have too little confidence in the results to

report them at this time,

Artifacts and errors such as those described in the paragraphs above

could be found because brine-convected water columns are excellent test baths

with nearly constant properties. Measurement under these conditions, combined

with the comparison of up and down traces has revealed effects which would

never be clearly characterized or even found in other, more variable waters.
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APPENDIX B

EXPLANATION OF HEADING CODES

The heading of the printed output uses the coding and format from NODC

Publication M-2, August 1964, with a few exceptions. Heading entries which

are not self-explanatory are as follows: MSQ is the Marsden Square, and DPTH

is the water depth in meters. Wave source direction is in tens of degrees,

but the direction 99 indicates no observation. The significant wave height

is coded by Table 10 (Code 2 zheight in meters) and the wave period is

coded by Table 11 (Code -.2 period in sec); in each case X indicates no

observation. Wind speed, V, is coded as Beaufort force, Table 17. The

barometer is in millibars, less 1000 if more than 3 digits; wet and dry bulb

temperature in degrees C. The present weather is from Table 21 with cloud

type and amount from Tables 25 and 26, respectively. The combination 4 X9

indicates that clouds cannot be observed usually because of fog conditions.

The visibility is from Table 27 which is roughly in powers of two with Code

4 = 1-2 km. The ice concentration, ICE, is in tenths; amounts less than 1

tenth are preceded by a minus sign and indicate concentrations in powers of

ten, e.g., 10 4 -4.

The entry, NAy, is a code to identify the accuracy of each station position

based upon the navigation system used. Code 1 indicates a position determined

by visual sightings, radar or by navigation satellite; Code 2 a position deter-

mined by Omiega or Loran; and Code 3 a position determined by dead reckoning.

The heading data are listed sequentially with increasing station number.

Those stations taken from a helicopter are followed with an H, e.g., Station

26H. Shipboard stations taken with the APL-UW CTD are followed by a W, e.g.,

Station 33W. Several lowerings over a period of four days were made at Station

66; these are numerically sequentially coded, e.g., Station 66-1.
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APPENDIX C

PROPERTY PROFILES FOR MIZPAC 80 STATIONS

This section contains plots of temperature, salinity, sound speed, and

sigma-t for the 83 stations of MIIZPAC 80. Shipboard stations were taken with

the Neil Brown CTD while the helicopter stations employed the APL-UW CTD.

The helicopter stations are sequentially incorporated in the station numbering

scheme and are denoted with an H after the station number, e.g., station 26H.

However, five stations were taken using the APL-UW instrument from the ship.

These are marked with a W: Station 33W, 66-2W, 66-4W, 66-5W, and 67W.

The salinities of stations 37H, 38H and 39H are computed from the temperature

assuming freezing conditions due to freezing of the salinity port. Three

series of stations are slightly out of numerical sequence: Stations 30-36,

43-51, and 66-69.

Because of the small range of properties, we have used expanded T, S

and 0 scales. This has necessitated variable scaling to be used, sometimes

with an awkward scale interval, e.g., for Station 1, one temperature unit

equals 0.40C. The shallow water stations are plotted four per page while the

deep water stations are shown two per page. To assist in distinguishing

between curves the temperature profile has been darkened three times while

the salinity trace only twice. The curves are also labeled, T for temperature,

S for salinity, SV for sound velocity, and ST for sigma-t.
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